In order to unravel the magnetism of Co-doped ZnO films, we have performed rigorous experiments on Co-doped ZnO grown on O-polar ZnO (0001) substrates by molecular beam epitaxy. We find that the ZnO:Co with Co composition less than 20% is paramagnetic even at low temperatures, whereas that with Co composition of 20% shows ferromagnetism at room temperature. Although an additional n-type doping with Ga increases the magnitude of magnetization, the origin of the observed ferromagnetism is not carrier induced, as confirmed by electricfield effect measurements. Three-dimensional atom probe tomography shows that Co ions are randomly distributed, indicating that Co clustering or spinodal decomposition is not the origin of the ferromagnetism either. One possible mechanism for the ferromagnetism is hydrogen-facilitated interaction, which is supported experimentally by magnetic measurements on hydrogen-treated ZnO:Co as well as theoretically by first-principles calculation.
I. INTRODUCTION
Considered as one of the most promising candidates for future improvements in electronic devices, semiconductor spintronics integrate the logic-processing functionalities of semiconductors and the information-storage functionalities of magnetism in single elements. 1 Practical devices will require suitable room-temperature ferromagnetic semiconductors to allow the simultaneous control of the charge and spin states of electrons. Since the demonstration of ferromagnetism in III-V magnetic semiconductors (In,Mn)As and (Ga,Mn)As, 2, 3 and the prediction of high-temperature ferromagnetism in wide-gap semiconductors, 4 ,5 a great amount of effort has been devoted to this research field to discover new roomtemperature ferromagnetic semiconductors. [6] [7] [8] Co-doped ZnO (ZnO:Co) is the first ZnO-based room-temperature ferromagnetic semiconductor that was theoretically predicted and experimentally examined. 4, 5, 9 Despite being one of the most representative and extensively investigated wide-gap magnetic materials, 7 ZnO:Co lacks a clear explanation for its observed magnetism: Room-temperature ferromagnetism in ZnO:Co has been widely reported, 7,9-12 but paramagnetic or antiferromagnetic behavior has also been observed. [13] [14] [15] [16] Speculation is rife as to the origin of the observed ferromagnetism, with proposals including electron-induced (or enhanced) ferromagnetism, 5, [17] [18] [19] spinodal decomposition, 20 and defect-induced ferromagnetism through the formation of bound magnetic polarons, [21] [22] [23] [24] [25] as well as an extrinsic origin due to the precipitation of a second phase. 26, 27 So far, single-crystal Al 2 O 3 is the most widely used substrate for growing ZnO films, but the lattice mismatch between the epitaxial layer and substrates produces a large number of crystal defects, 28 which may hinder the intrinsic properties of ZnO-based magnetic semiconductors.
In this work, therefore, we performed a systematic investigation of the microstructural and magnetic properties of ZnO:Co grown on O-polar ZnO (0001) substrates by oxygen radical plasma-assisted molecular beam epitaxy (PMBE). 29 
II. SAMPLE PREPARATION AND CHARACTERIZATIONS
The epitaxial growth of ZnO:Co was performed in a PMBE chamber, for which the growth condition has been wellestablished for undoped ZnO. 29 Metal fluxes were supplied by evaporating high-purity elements (7N zinc, 5N cobalt, and 7N gallium), and O flux was supplied in the form of active oxygen (6N) radicals by a radiofrequency (rf) radical cell equipped with an electrostatic ion trap. Throughout growth, the flow rates of O 2 and rf power were kept at 0.5 sccm and 300 W, respectively. The substrates used in this study were commercial double-face polished single-crystal ZnO (0001) chips with an area of 10 × 10 mm 2 and thickness of 1 mm grown by hydrothermal method. The use of ZnO substrate can efficiently reduce the number of defects in ZnO:Co because of the similar lattice constant and thermal expansion coefficient between epitaxial layer and substrate. After degreasing by acetone and ethanol, ZnO substrate was in situ outgassed in an ultrahigh-vacuum PMBE chamber (10 −9 Torr, without oxygen) at 850
• C for 30 min. Next, a 40-nm-thick low-temperature-grown ZnO buffer layer was grown at 400
• C and annealed at 850
• C for 15 min. We grew a series of Co-doped ZnO layers with thickness of 10-40 nm; some samples were codoped with Ga to investigate the effect of the existence of mobile carriers. We define the Co and Ga compositions as Zn 1−x−y Co x Ga y O, where x is determined by secondary ion mass spectroscopy, and y is from the electron concentration n measured by the Hall measurement at room temperature. In this work, x ranges from 8% to 20%, and y ranges from 0% to 0.01%. The growth front was monitored by reflection high-energy electron diffraction (RHEED), which shows a streaky pattern for a wurtzite single phase, as shown in Fig. 1(a) . High-resolution transmission electron microscopy (HRTEM) reveals that we obtained highquality single-crystalline films without observable defects, as shown in Fig. 1(b) . Surface morphology of the films measured by atomic force microscope shows a flat surface with atomic monolayer steps, as shown in Fig. 1(c) . X-ray diffraction (XRD) does not show any signature of the existence of the second phase within its detection limit, as shown in Fig. 1(d) . We also prepared a Zn 1−x Co x O film with x = 10% on an a-Al 2 O 3 substrate as a reference, which was grown under virtually the same growth condition as that on ZnO substrate.
III. THE EFFECTS OF SUBSTRATES
Figures 2(a) and 2(b) show in-plane magnetic field (H ) dependence of magnetization (M) for 40-nm-thick ZnO:Co grown on ZnO and Al 2 O 3 substrate, respectively, where magnetization from substrate is subtracted. The magnetization of the substrates is determined by a separate measurement, which shows diamagnetism with no detectable ferromagnetic response. The films with x 16% on ZnO substrate are paramagnetic down to 10 K, with their susceptibilities almost proportional to x. On the other hand, the film with x = 10% on Al 2 O 3 exhibits ferromagnetism at 300 K, suggesting that the observed ferromagnetism is related to crystal defects. The room-temperature Hall measurements also confirm the effects of the substrate. The films on ZnO are highly resistive, with n less than 10 15 cm −3 , while that on Al 2 O 3 has n = 2 × 10 18 cm −3 . This high value of n is likely due to shallow donor defects, such as oxygen vacancies and zinc interstitials.
IV. THE EFFECTS OF Ga DOPING
In order to examine how charge carriers influence the magnetism of ZnO:Co, we codoped ZnO:Co on ZnO with n-type dopant Ga to obtain n comparable to that in ZnO:Co on Al 2 O 3 . Figure 3 shows the M-H curves at 10 K for the codoped Zn 1−x−y Co x Ga y O with x = 10% and y = 0, 0.004% (n = 1.7 × 10 18 cm −3 ), and 0.01% (n = 4.2 × 10 18 cm −3 ), where n is the free-electron concentration. The samples show paramagnetism, and their susceptibilities increase with increasing y, indicating that codoping with Ga enhances the M of ZnO:Co. The effective Co composition (x eff ) participating in magnetism is determined by fitting to M-H curves using the Brillouin function (solid curves in Fig. 3 ) under the assumption that the magnetic moment per Co atom is 3μ B (μ B : Bohr magneton). As shown in the inset of Fig. 3 , x eff increases with y. After the annealing at 750
• C for 5 min in a vacuum, the magnetization is further enhanced, and x eff reaches the nominal x of 10% with the samples codoped with Ga of 0.01%. However, ferromagnetism is not observed down to 10 K. Therefore, the observed ferromagnetism in the ZnO:Co on Al 2 O 3 substrate is not carrier induced but is probably defect induced, as proposed in the framework of the bound magnetic polarons model or due to the Co precipitates.
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V. FERROMAGNETIC ZnO:Co WITH x = 20%
As shown by the M-H curves in Fig. 4 , when x is increased to 20%, the ferromagnetism in ZnO:Co on the ZnO substrate can be observed even at room temperature. It shows a clear ferromagnetic hysteresis loop with paramagnetic response at higher magnetic fields. The temperature dependence of M shows that the Curie temperature is beyond 400 K. The observed ferromagnetism at higher x may be related to the establishment of a magnetic-interaction percolation path, 19 because the magnetic coupling among Co spins is expected to be short-ranged. 30, 31 The magnitude of the magnetization can be increased again by codoping with Ga. These results prompt questions about the effects of Ga doping, since it is known that carrier doping has two effects: the effects on magnetic interaction (free-carrier mediated interaction or double-exchange interaction) and Co ion aggregation. 17, 18, 32, 33 Our experiments demonstrate that Ga codoping enhanced the magnetization of both paramagnetic Zn 1−x Co x O with x = 10% and ferromagnetic Zn 1−x Co x O with x = 20%, but it does not induce ferromagnetic interaction in paramagnetic Zn 1−x Co x O with x = 10%.
VI. THE EFFECTS OF ELECTRIC FIELD
In order to further explore the influence on the magnetism of n, we fabricated metal-insulator-semiconductor (MIS) structures to control n through gate electric fields, V G . [34] [35] [36] [37] Fabrication of MIS structure consists of five steps, etching of the semiconductor, deposition of an ohmic electrode, deposition of an insulator, etching of the insulator, and deposition of the gate electrode. First the ZnO:Co layer is etched by using HCl:H 3 PO 4 :H 2 O (0.5:0.5:1000) to form a large square mesa with area about 6 mm 2 for M measurements or a Hall-bar-shaped mesa with a 30-μm-wide and 200-μm-long channel for transport measurements. After deposition of the ohmic electrodes (10 nm Ti/30 nm Al/50 nm Au), the sample is introduced into an atomic layer deposition (ALD) chamber and a 50-nm-thick Al 2 O 3 gate insulator is deposited at 150
• C by applying alternative pulses of Al(CH 3 ) 3 and H 2 O with N 2 purges between each step. In order to remove the insulator above the ohmic electrodes, the sample is dipped in etchant HF:NH 4 F:H 2 O (1:10:10) for 5 min. Finally, a 5 nm Cr/100 nm Au gate electrode is deposited and lifted off.
The conductivity of the Ga-codoped ZnO:Co channel with n = 4 × 10 18 cm −3 can be modulated approximately up to 40% by the application of V G = 8 V, which corresponds to an electric field of 1.6 MV/cm [the inset of Fig. 5(b) ]. 174430-3 ferromagnetic sample with x = 20% and y = 0.01% at 300 K (the distorted shape in the hysteresis is due to the nonuniform in-plane geometry associated with the MIS structure). 38 The M-H curves do not show any clear dependence of V G despite of the relatively large change in n. This behavior is very different from the well-established carrier-mediated ferromagnetic semiconductors, such as (Ga,Mn)As, 37 which show a clear dependence of magnitude of magnetization on V G . The results indicate that carrier doping during growth influences the magnetism on ZnO:Co, but such a change in n does not affect the magnetism once the material is fabricated.
VII. ATOM PROBE TOMOGRAPHY
It has been suggested that nanospinodal decomposition is linked to the observed ferromagnetism in ZnO:Co. 20 All of the conventional structural-analysis techniques (RHEED, XRD, and HRTEM; see Fig. 1 ) utilized in this work reveal that the films are high-quality single crystals without observable defects or heterogeneities. It is known that three-dimensional (3D) atom probe tomography (APT) has the capability to map the chemical identity and 3D positions of individual atoms with single-atom depth resolution and subnanometer lateral resolution. 39 Therefore, we adopted APT to measure Co distribution in Zn 1−x Co x O with x = 20%. 40, 41 The fabrication of the atom probe tip was performed using a dual-beam scanning electron microscope and focused ion beam instrument with a Ga-ion beam accelerated at 30 keV. 42 The final step of tip preparation was a low-energy annular cleaning mill at 5 keV to remove Ga implantation and damage from the ion beam. The APT was performed with a wide-field-of-view atom probe at 20 K in an ultrahigh-vacuum chamber at a pressure of ∼2 × 10 −11 Torr. Voltage pulses were used to field evaporate the atoms from the tip, at a pulse fraction of 25%.
The APT mass spectrum for Zn 1−x Co x O with x = 20% on ZnO is shown in Fig. 6(a) , where chemical identities were determined by time-flight-mass spectroscopy. The APT data set was first divided into blocks containing a certain number of atoms (here 100 atoms are used) to produce a contingency table as shown in Table I , where " + " indicates that the experimental value is greater than the expected value, and " − " indicates the opposite. Contingency analysis determines whether two species are more likely to be found within the same block as one another, thus forming a picture of whether the two solute species are cosegregated or antisegregated. The 3D Markov field approach constitutes a solute clusteridentification technique. 43 It tests the hypothesis that the solute is randomly distributed by measuring the difference between experimentally observed clusters and their distribution for random arrangement of the solute. As shown in Fig. 6(c) , there is only a slight difference between the observed distribution of clusters and the standard random distribution, indicating that the Co atoms are distributed randomly in the ZnO matrix. The biggest cluster comprises only 15 atoms, which cannot be a source of ferromagnetism at room temperature. This conclusion is supported by the frequency distribution analysis as shown in Fig. 6(d) , 44 where the frequency distribution of the Co concentration measured in blocks of 100 atoms is compared with the theoretical binomial distribution. The agreement in experimental and binomial distribution confirms again that the Co dopants are distributed randomly in the ZnO matrix, ruling out clustering and spinodal decomposition. The results of APT on a sample codoped with Ga (y = 0.01%) give essentially the same result, indicating the Ga doping does not influence the Co atom distribution in ZnO:Co.
We see that the observed ferromagnetism in ZnO:Co on ZnO is not related to carrier-mediated interaction, spinodal decomposition, precipitates, and defect-induced bound magnetic polaron. Superexchange coupling is likely to be antiferromagnetic, 20, 31 which is not expected to be the origin of the ferromagnetism. Therefore, the origin of the ferromagnetism in ZnO:Co on ZnO is mysterious, especially the observed effect on magnetism of Ga or electron doping.
VIII. THE ROLE OF HYDROGEN
Finally, we focus on the effect of unintentionally doped impurity hydrogen in ZnO:Co, because the APT mass spectrum of ZnO:Co clearly shows a Co-H dimer peak [see Fig. 6(a) ]. Contingency table analysis in Table II indicates that Co and H atoms are cosegregated. Hydrogen is known to be an important unintentionally introduced impurity in ZnO, [45] [46] [47] and it has been discussed as an efficient agent to couple Co spins ferromagnetically. [48] [49] [50] [51] [52] [53] [54] The secondary ion mass spectroscopy (SIMS) measurements also show the existence of H in the samples, and H concentration in Zn 1−x Co x O with x = 20% is one order higher than that with x = 16%, as shown in Fig. 7 . The difference in H concentration may be related to the difference in magnetism. In order to test the effects of H doping, 10% of elemental H was introduced to a few paramagnetic samples by a plasma treatment in an inductively coupled plasma reacting ion etching (ICP-RIE) system. The treatment was done at 180
• C for 60 min with H 2 flow rate of 30 sccm; the ICP and RIE powers were 1 kW and 5 W, respectively. During plasma treatment, the samples were put on Si substrate to avoid the possible introduction of magnetic impurities. We measured the M-H curve of H-treated ZnO substrate, which shows diamagnetism and no effect of H on the magnetism of ZnO substrate. penetrated deeper and may result in structural defects in the ZnO:Co matrix. The nonuniform distribution of H and the possible structural defects may lead to superparamagnetic clusters and smaller coercivity at 300 K. The latter case, where the H concentrates on the surface, has a smaller magnetization.
We performed first-principles calculations based on density functional theory using the generalized gradient approximation 55 with the DMol 3 code. 56 We assume that the H atoms are interstitial rather than substitutional, in line with the experimental observations. 50 By comparing the total energy of configurations with Co atoms on different sites in a 32-atom supercell, shown in Fig. 9 , we find that it is energetically favorable for H to associate with Co atoms, and the two most favorable configurations are those where the H atoms reside at the Co-O bond center (BC) sites, namely BC and BC ⊥ (Table III) . This is consistent with the Co-H dimers that are observed in the ATP mass spectra in Fig. 6 (a) and with the cosegregation trend of Co and H atoms from contingency table analysis in Table II . Given the abundance and high mobility of H, the attraction between these two types of atoms gives a natural explanation of the spontaneous diffusion of H into ZnO:Co. It is noteworthy that the presence of H at the most favorable site, BC ⊥ , blocks the diffusion pathway along the [0001] epitaxial growth direction, such that the concentration of unintentionally doped H will rapidly decrease with the depth of thin film, as observed in the SIMS measurements. The simulation of Co-Co magnetic interaction in ZnO:Co without and with H was performed in a 16-atom cell that contains two 
IX. SUMMARY
In summary, we have investigated magnetic properties of Co-doped ZnO on ZnO substrate grown by molecular beam epitaxy. The sample with Co composition of 20% exhibits ferromagnetism at room temperature, and those with doping concentration below 16% shows paramagnetism, even at low temperatures. While Ga donor codoping enhances the magnetization, the modulation of electron concentration by electric fields does not affect the magnetic properties, indicating that the observed ferromagnetism is not related to a carrier-induced mechanism. The careful structural analyses show that there are no observable defects, precipitates, or spinodal decomposition. We have confirmed that the introduction of hydrogen can induce the ferromagnetism of ZnO:Co at room temperature. The unintentionally introduced H may have nontrivial effects on ZnO-based magnetic semiconductors. Room-temperature ferromagnetic semiconductors with good reproducibility in synthesis and an understanding of the origin of ferromagnetism are very significant but very challenging. The present results show that the magnetism of ZnO:Co depends strongly on the numbers of crystal defects and impurities. For further understanding the intrinsic properties of ferromagnetic semiconducting materials, the control of sample quality is crucial.
